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Chromatic contrast thresholds may be estimated from transient VEPs by measuring the peak-to-peak amplitude at a range of
stimulus levels followed by extrapolation to zero amplitude. However, there have been reports of failure of this technique when
applied to the transient chromatic VEP due to variability of amplitude, diﬃculties with component identiﬁcation and poor corre-
lation of amplitude with stimulus level. The aim of our study was to compare methods of transient VEP chromatic contrast thresh-
old estimation in terms of success rate and comparison with psychophysical threshold. We found each of the methods we
investigated to have a high success rate, and in most cases VEP and psychophysical thresholds did not diﬀer signiﬁcantly.
 2005 Elsevier Ltd. All rights reserved.
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Visual thresholds may be assessed by recording the
visual evoked potential (VEP) in response to stimuli at
a range of levels (e.g., contrasts), plotting VEP ampli-
tude against the stimulus levels and extrapolating to
zero amplitude (Allen, Norcia, & Tyler, 1986; Campbell
& Maﬀei, 1970; Porciatti & Sartucci, 1999; Rabin, Swit-
kes, Crognale, Schneck, & Adams, 1994). In practice,
VEP thresholds estimated using this technique may
not produce sensible results if there is poor, or negative,
correlation between VEP amplitude and stimulus level
(Jenkins, Douthwaite, & Peedle, 1985; Sokol & Mosko-
witz, 1985). Jenkins et al. (1985) noted that this occurred
in 19% of their subjects (n = 16). In 3-month-old infants,
the occurrence was found to be even higher (34%,
n = 26) (Sokol & Moskowitz, 1985). Thus, VEP thresh-0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2005.02.017
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be unsuccessful in a sizeable percentage of subjects.
1.1. The transient VEP and colour vision system
selectivity
The VEP can be recorded as transient or steady-state.
The transient VEP reﬂects cortical activity in response
to a visual stimulus when the stimulus temporal fre-
quency is suﬃciently low to allow the response to each
stimulus modulation to settle down to baseline before
the next modulation. In contrast, steady-state VEPs
are elicited by stimuli at a higher temporal frequency
such that there is summation of the response to produce
an approximately sinusoidal VEP waveform with
approximately constant amplitude and periodicity. Con-
sequently, the morphology of the transient VEP is more
complex than that of the steady-state VEP.
When recording VEPs in response to chromatic stim-
uli, low temporal frequencies are commonly used to allow
the response to be dominated by the parvocellular system
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McKeefry, Robson, & McKeefry, 1997). Temporal fre-
quencies ranging from 1 to 6 Hz have been used to inves-
tigate function of the chromatic visual system using the
VEP (Allen, Banks, & Norcia, 1993; Crognale, Kelly,
Weiss, & Teller, 1998; Crognale, Page, & Fuhrel, 2001;
Fiorentini, Burr, & Morrone, 1991; Greenstein, Seliger,
Zemon, & Ritch, 1998; Kelly, Borchert, & Teller, 1997;
Kulikowski et al., 1997; McKeefry, Russell, Murray, &
Kulikowski, 1996; Morrone, Burr, & Fiorentini, 1993;
Murray, Parry, Carden, & Kulikowski, 1987; Porciatti
& Sartucci, 1999; Rabin et al., 1994; Suttle, Banks, &
Graf, 2002; Suttle & Harding, 1999). Higher temporal
frequencies are avoided, to minimise the likelihood of
intrusions from the magnocellular system.
Kulikowski et al. (1997) found that the use of low
temporal frequency chromatic stimuli temporally modu-
lated in onset–oﬀset mode elicited VEPs that are tuned
primarily to the parvocellular system. This strategy has
been employed in other studies (Crognale et al., 1998;
Greenstein et al., 1998; Murray et al., 1987; Porciatti
& Sartucci, 1999; Rabin et al., 1994; Suttle et al., 2002;
Suttle & Harding, 1999). In addition, an alternative
strategy aimed at minimising the excitation of magnocel-
lular activity involves the use of chromatic stimuli that
are sinusoidally pattern-reversed at a temporal fre-
quency of less than 4 Hz (Allen et al., 1993; Fiorentini
et al., 1991; Kelly et al., 1997; McKeefry et al., 1996;
Morrone et al., 1993). At least for the ﬁrst strategy, these
stimuli would be expected to elicit a transient VEP.
Measurement of the amplitude of the transient VEP,
however, is subject to error introduced by morphologi-
cal complexity.
1.2. Amplitude measurement of the transient chromatic
VEP
VEP amplitude has traditionally been measured
either manually (peak-to-peak or from-baseline mea-
sures of VEP components) or determined by Fourier
analysis. When measuring peak-to-peak amplitude of
the steady-state VEP, the measurement is not compli-
cated by multiple components within the waveform. In
contrast, the transient VEP may comprise several com-
ponents which may vary in amplitude and latency. The
component that is correlated with stimulus level must
be identiﬁed for amplitude measurement, opening the
door for ambiguities. Furthermore, the task of compo-
nent identiﬁcation increases in diﬃculty as the stimulus
level approaches threshold (Kulikowski, 1977).
Transient VEP component identiﬁcation and ampli-
tude measurement are further complicated by the fact
that VEP morphology varies with age (Crognale et al.,
1998; Madrid & Crognale, 2000). In adults, the transient
chromatic VEP typically consists of a negative–positive
complex (Crognale et al., 1998; Murray et al., 1987;Porciatti & Sartucci, 1999; Rabin et al., 1994; Suttle &
Harding, 1999). Infants, however, show a positive–neg-
ative complex (Crognale et al., 1998; Suttle, Anderson,
& Harding, 1997). Children have additional early posi-
tive components, and at puberty there may be cancella-
tion of the positive and negative peaks (Crognale, 2002).
Age-related variation in transient chromatic VEP mor-
phology indicates that criteria for identiﬁcation of the
components of interest may vary with age. In contrast
with chromatic responses, the transient VEP in response
to achromatic stimuli varies little in morphology from
two years of age to adulthood, and for diﬀerent lumi-
nance contrast levels (Crognale, 2002).
Fourier analysis has been used to increase objectivity
of, and to automate, VEP amplitude and frequency mea-
surement. However previous ﬁndings indicate that Fou-
rier analysis is more useful in the analysis of steady-state
than transient VEPs (Jenkins et al., 1985; Moskowitz &
Sokol, 1980). Consequently, few studies using transient
chromatic VEPs have employed Fourier analysis to esti-
mate amplitude for the purposes of extrapolation, unlike
its common use in steady-state VEP analysis. The tech-
nique may be useful, however, as a means of overcoming
the diﬃculties posed by waveform complexity of the
transient VEP. McKeefry et al. (1996) examined the pro-
ﬁle of the Fourier power spectra of transient chromatic
VEPs in response to a supra-threshold chromatic con-
trast stimulus and found amplitude to be highest at the
fundamental temporal frequency. However, the Fourier
spectra were examined at one stimulus level (contrast)
only, so characteristics of the Fourier power spectra of
chromatic transient VEPs at a range of contrasts are
not known.
One method makes use of the amplitudes derived
from the VEP by Fourier analysis, but not for extrapo-
lation purposes. The T 2circ statistic quantiﬁes the variabil-
ity of amplitudes derived by Fourier analysis (Victor &
Mast, 1991) and can be used to determine whether a re-
sponse is diﬀerent from zero (Victor & Mast, 1991). If
the amplitude variability for a certain frequency is con-
sistent with random scatter about zero, then no signal is
present. If it is inconsistent with random scatter about
zero, then it is assumed that a signal is present. Mast
and Victor (1991) calculated that this could be achieved
by recording a single sweep of sinusoidal data then sub-
dividing it into 40 smaller segments. Mackay, Hamilton,
and Bradnam (2003) found that Laplacian analysis
(where the mean activity recorded at two or more
recording sites is subtracted from the activity of inter-
est), rather than conventional (Oz, Fz, Cz) analysis,
could be used in combination with the T 2circ statistic to
determine the presence or absence of a steady-state
VEP in response to a range of near-threshold check sizes
with great sensitivity and rapidity. However, both the
methods used by Victor and Mast (1991) and Mackay
et al. (2003) were applied to steady-state rather than
Table 1
Subject participation
Subject
number
Group Gender Stimulus
orientation
Completed
psychophysical
testing?
1 A F 180 and 90 Yes
2 A F 180 and 90 Yes
3 A F 180 and 90 Yes
4 A F 180 and 90 Yes
5· A F 180 and 90 Yes
6 A F 180 and 90 Yes
7 A F 180 and 90 Yes
8 A M 180 and 90 Yes
9^! A F 180 and 90 No
10^+ A F 180 and 90 Yes
11^!* A M 180 and 90 Yes
12 B F 45 and 135 Yes
13 B F 45 and 135 Yes
14 B F 45 and 135 Yes
15 B F 45 and 135 Yes
16 B F 45 and 135 Yes
17 B F 45 and 135 Yes
18 B M 45 and 135 Yes
19 B M 45 and 135 Yes
20 B M 45 and 135 Yes
21 B M 45 and 135 Yes
22^!* B F 45 and 135 Yes
Key: · indicates that Fourier analysis was not conducted due to loss of
data; + subject reported diplopia; * indicates no discernible VEP was
measured even in response to high contrast stimuli; ^ indicates subject
was excluded from correlation and t-test analysis; ! indicates subject
was excluded from success rate calculation; M indicates male subject; F
indicates female subject.
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application to transient VEP analysis, which are not
repetitive, sinusoidal, responses. However, the methods
may be adapted to transient VEP analysis with some
modiﬁcations.
1.3. VEP threshold estimation: an alternative to VEP
amplitude measurement
Methods not based on amplitude measurement have
also been used to estimate VEP thresholds. McCulloch
and Skarf (1991, 1994) used a method based on the
repeatability of VEP morphology. McCulloch and Skarf
used the criterion of repeatable component latency,
rather than amplitude, as an indication that a VEP is
present. McCulloch and Skarfs method does not as-
sume a relationship between the amplitude of a VEP
component and stimulus level. In their method, VEPs
were recorded in response to a range of stimulus levels
(spatial frequency) and threshold was deﬁned as the low-
est stimulus level (highest spatial frequency) at which
there was an identiﬁable VEP, deﬁned as a waveform
reproducible on successive averaged recordings. Speciﬁ-
cally, repeatability was deﬁned by McCulloch and Skarf
(1991) as ‘‘one or more major peaks or troughs . . . with-
in a 20 ms range when separate trials are compared’’.
The authors recorded transient VEPs in response to ach-
romatic checkerboard pattern-reversing stimuli and
thresholds were obtained with a 95% success rate.
Methods that rely on component identiﬁcation and
amplitude measurement may be unreliable when dealing
with responses of complex and variable morphology so
a more objective method, such as amplitude determina-
tion by Fourier analysis, may be preferable. The aim of
the present study was to investigate the viability of three
methods of chromatic contrast threshold assessment
from the transient VEP in terms of their success rate
and correlation with a psychophysical threshold. The
three methods are: (1) Peak-to-peak measurement of
component amplitude of responses to chromatic stimuli
at a range of contrasts, and extrapolation to zero ampli-
tude; (2) Determination of amplitude by Fourier analy-
sis of the VEP in response to chromatic stimuli at a
range of contrasts, and extrapolation to zero amplitude;
(3) A method based on repeatability of the VEP using
on-line analysis, described more fully below.2. Methods
2.1. Subjects
Twenty-two subjects were recruited to the study, and
were each allocated to one of two groups (Table 1). Ele-
ven subjects (mean age 28.3 years; range 20–40 years)
were allocated to group A. VEP chromatic contrastthresholds were assessed in this group by measurement
of amplitude of responses at a range of contrasts, and
extrapolation to zero amplitude (Campbell & Maﬀei,
1970). Amplitude was measured subjectively, by peak-
to-peak measurement, and objectively, by Fourier anal-
ysis. A further 11 subjects (mean age 28.0 years; range
22–40 years) were allocated to group B. VEP chromatic
contrast thresholds were assessed in this group using a
method based on VEP repeatability (McCulloch &
Skarf, 1991). Psychophysical estimates of chromatic
contrast threshold were measured for each subject in
groups A and B, using the same psychophysical proce-
dures (see below). The viability of each VEP threshold
estimation method was assessed in terms of success rate
and comparability with psychophysical estimates of
threshold in a within-subjects design.
Our age group was chosen to approximate a mature
chromatic visual system that is relatively stable (Knobl-
auch, Vital-Durand, & Barbur, 2001). Informed consent
was obtained from all subjects. All subjects were
screened for colour vision deﬁciencies using Ishihara
pseudoisochromatic plates (1996, 24 plate edition). Di-
rect ophthalmoscopy was conducted on each subject to
exclude those with ocular disease (no subjects were ex-
cluded on this basis). All subjects had binocular visual
acuity equivalent to at least Snellen 6/6.
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Stimuli were generated using a VSG 2/5 card (Cam-
bridge Research Systems, Rochester, England) and pre-
sented on a Sony CPD-G500 21-in. Trinitron colour
monitor. The monitor was gamma corrected. Lumi-
nance and chromaticity output were veriﬁed using a
luminance meter (Minolta LS-110) and tri-colorimeters
(Minolta TV 2150 and Minolta CA-100).
The stimuli were heterochromatic nominally isolumi-
nant sine-wave gratings of spatial frequency 1 cycle-
per-degree (cpd) presented in square-wave pattern
onset–oﬀset mode on a background and surround of
the same mean chromaticity (x = 0.31, y = 0.31) and
luminance (20 cd/m2). At maximum contrast, the col-
ours were of CIE chromaticity co-ordinates x = 0.38,
y = 0.27 (magenta) and x = 0.23, y = 0.35 (cyan), the
L-, M- and S-cone contrasts were 0.16, 0.40 and 0.07
respectively, and the root-mean-square (rms) cone con-
trast theoretically produced in the L- and M-cones by
the stimulus was 0.25 (Cole & Hine, 1992). In the pres-
ent study, chromatic contrast level is expressed as a per-
centage of maximum chromatic contrast. The stimuli
were temporally modulated at a frequency of 2 Hz with
a temporal duty cycle of 1:4 (Rabin et al., 1994).
The spatial, temporal and chromatic parameters of the
stimuli were chosen to preferentially stimulate the
chromatic contrast system (Kulikowski et al., 1997;
McKeefry et al., 1996; Mullen, 1985; Murray et al.,
1987; Rabin et al., 1994; Suttle & Harding, 1999) whilst
minimizing chromatic aberration (Flitcroft, 1989).
2.3. Psychophysical procedures
Gratings were presented at one of a pair of orienta-
tions on each trial in psychophysical assessment, and
on each averaged VEP recording. On each psychophys-
ical trial, one of the two possible orientations was se-
lected pseudo-randomly. The pair of orientations was
diﬀerent for each group, as explained below. Psycho-
physical thresholds were based on a two-alternative
forced-choice between orientations. Threshold was
determined as the mean of contrasts at 12 reversals in
a 3-down 1-up staircase, with a 3dB step size. On each
trial, duration of presentation was one second (two duty
cycles). A two-orientation forced-choice using a cen-
trally presented stimulus was used in preference to a spa-
tial location forced-choice design as isoluminance is
known to vary with retinal location (Bilodeau & Fau-
bert, 1999; Kulikowski, Robson, & McKeefry, 1996).
Previous ﬁndings (Krebs, Essock, Buttrey, Sinai, &
McCarley, 2000; Murasugi & Cavanagh, 1988) suggest
that the chromatic oblique eﬀect is signiﬁcant at moder-
ate spatial frequencies (3 cpd) and that a horizontal–
vertical eﬀect is present for spatial frequencies above
2 cpd (Murasugi & Cavanagh, 1988). In the presentstudy, comparisons were not made across orientations,
except where speciﬁcally discussed. VEP amplitude
and VEP latency oblique eﬀects were not compared
across groups A and B due to diﬀerences in stimulus
ﬁeld sizes used for the VEP recordings. However, com-
parison was made for a subset of subjects: n = 3, mean
age (SD) = 29.3 years (3.60), all female, using compara-
ble ﬁeld sizes.
Isoluminance was determined individually by hetero-
chromatic ﬂicker photometry for the ﬁrst 17 subjects. As
isoluminance was found to vary very little inter-individ-
ually, the mean isoluminance value for the group was
used subsequently for all subjects. Nominal isolumi-
nance is deﬁned here as the ratio of magenta luminance
to cyan luminance for which the subject perceived min-
imal ﬂicker. For these isoluminance estimates, sinusoi-
dal gratings of the two colours at a spatial frequency
of 1.0 cpd and ﬁeld size subtending an angle of 2.5 were
square-wave phase reversed at a temporal frequency of
15 Hz. The pattern was viewed binocularly. The mean
of 11 determinations by each subject was taken as an
estimate of isoluminance for that individual.
2.4. Stimuli and viewing conditions: Group A
For psychophysical assessment, gratings were pre-
sented at orientations of 90 (aligned vertically) and
180 (aligned horizontally). For VEP recording, the
gratings were at 90 only. To check whether our stimu-
lus parameters produced responses that varied with the
two orientations, we compared psychophysical thresh-
olds for stimuli oriented at 90 and 180 at a spatial fre-
quency of 1.0 cpd. For this purpose, psychophysical
threshold comparisons were made using the method of
constant stimuli and estimating threshold from the
75% point on the data ﬁtted with a Weibull curve. It
was found that thresholds for gratings at 90 and 180
orientations were not statistically signiﬁcantly diﬀerent
(p = 0.67, Wilcoxon signed-ranks test, n = 3). We also
compared VEP parameters for stimuli oriented at 90
and 180 (spatial frequency 2.0 cpd). Similarly, VEP la-
tency (p = 0.89) and amplitude (p = 0.69) were not found
to be statistically signiﬁcantly diﬀerent across these ori-
entations using the Wilcoxon signed-ranks test (n = 3).
Although it would have been preferable to use a VEP
grating stimulus size close to the ﬁeld size used for the
estimation of nominal isoluminance (2.5), stimuli sub-
tending larger angles have been found to produce VEPs
of suﬃciently high amplitude to allow peak-to-peak
measurement at a range of contrast levels (Porciatti &
Sartucci, 1999; Rabin et al., 1994). Some researchers,
however have observed changes in the morphology of
VEPs in response to large ﬁeld chromatic stimuli and
suggested that the changes may indicate contamination
of the VEP signal by luminance intrusions due to varia-
tions in isoluminance across the retina (Kulikowski
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(1999) found that signiﬁcant deviations from isolumi-
nance do not have a signiﬁcant eﬀect on VEP morphol-
ogy or peak latency, and suggested that large ﬁeld
chromatic grating stimuli are suitable for this method
of VEP threshold estimation. To enhance comparability
of our results with previous studies that have employed
extrapolation from VEP amplitudes to estimate chro-
matic contrast threshold (Porciatti & Sartucci, 1999; Ra-
bin et al., 1994), the VEP grating stimulus in the present
study was designed to subtend a similarly large ﬁeld an-
gle of 14. A 5 ﬁeld was used for psychophysical testing
to minimise luminance variation across the stimuli
(Kulikowski et al., 1996). The viewing distance for psy-
chophysical and VEP testing in this group was 0.5 m. All
subjects viewed the stimuli binocularly in an otherwise
dark room.
2.5. Stimuli and viewing conditions: Group B
Gratings were presented at orientations of 45 and
135 during psychophysical and electrophysiological
testing. As with group A, the Wilcoxon test was used
to compare across orientations psychophysical thresh-
old (p = 0.18, n = 3, spatial frequency 1.0 cpd) and the
electrophysiological markers of latency (p = 0.60,
n = 3, spatial frequency 2.0 cpd) and amplitude
(p = 0.97, n = 3, spatial frequency = 2.0). None of these
measures was found to vary signiﬁcantly across the
two orientations.
The use of a diﬀerent orientation pair in each group
(A and B) allowed us to compare psychophysical thresh-
olds across groups, and thus to investigate the oblique
eﬀect for psychophysical measures of colour contrast
with low spatial frequency, below 3 cpd (Krebs et al.,
2000). As large VEP amplitudes were not necessary to
the VEP threshold estimation techniques employed for
group B, the same grating ﬁeld size (5) was used in both
psychophysical and VEP testing. The viewing distance1
was 1.0 m.
2.6. VEP procedure
Single-channel transient VEPs were averaged from at
least 30 sweeps using the Medelec Synergy averager
(Radiometer Paciﬁc, Sydney, Australia). For group A,1 Viewing distance was set at 1.0 m for this group in response to a
comment from one subject in group A that he was distracted from the
psychophysical task as he could discern the individual pixels on the
monitor. This was not expected to aﬀect the experimental results as
Murray et al. (1987) compared VEP morphology at two diﬀerent
viewing distances, one where the television raster lines were just
discernible and one where they were not and found that the VEP
morphology was unchanged. In addition, the diplopia reported by
subject 10 may have been exacerbated by the near working distance of
0.5 m.the sweep duration was 500 ms. For group B, the sweep
duration was either 500 ms or 1 s. The amplitude esti-
mated by Fourier analysis was based on the average
formed from at least 80 sweeps (by summation of two
40-sweep VEPs in response to the same stimulus) in
group A. Also for group A, the peak-to-peak assessment
of amplitude was based on two VEPs, in response to the
same stimulus, each averaged from at least 40 sweeps.
Peak-to-peak amplitude of each VEP was measured,
and the average (mean) calculated. For group B, the
repeatability analysis was also based on VEPs in response
to each stimulus, each the average of at least 30 sweeps.
Recording sites were Oz (active site), Cz (reference
site), and Fz (ground), according to the 10–20 system
(Odom et al., 2004). Sites were ﬁrst abraded using a
commercially available preparation and 9 mm Ag/AgCl
electrodes were attached using a commercially available
EEG paste. Impedance was below 8 kX for all record-
ings. Signals were band-pass ﬁltered (1–50 Hz). Notch
ﬁltering was activated. Artifact rejection was set at
50 lV. Sweep recording was triggered by the external
VSG 2/5 card. The averaged VEP in response to gratings
at each contrast was recorded at least twice, to check
repeatability. Our criterion for repeatability was the
presence of an N–P complex with latencies within 10%
of the longer latency on successive VEPs.
In group A, transient VEPs were recorded from each
subject at the chromatic contrast levels of 100%, 75%,
56%, 42%, 32%, 24%, 18%, 14%, 10%, 7.5%, 5.6%,
4.2% and 0%, equivalent to 3 dB steps, presented in
pseudo-random order. The response to the stimulus at
0% contrast provided an indication of baseline activity.
VEPs from Group A were analysed oﬄine.
2.7. Extrapolation from peak-to-peak amplitude estimates
Amplitude was determined using direct peak-to-peak
measurement of the component of interest present in re-
peated averaged VEPs in response to the same stimulus.
The component of interest was deﬁned as the negative-
to-positive complex that produced the largest peak-to-
peak amplitude occurring within a latency of 100–
250 ms, repeatable on successive runs that may include
a ‘‘shoulder’’. Amplitude estimates from waveforms that
did not appear to have an unambiguous and repeatable
chromatic contrast component, or that were not distin-
guishable from the 0% contrast response were excluded
from further analysis with this method (the peak-to-peak
method of amplitude estimation). The amplitude at each
contrast level was determined by taking the mean ampli-
tude of the two (repeat) averaged VEPs. Amplitudes were
plotted against log chromatic contrast level and linear
extrapolation to zero amplitude allowed determinations
of chromatic contrast threshold. If the amplitudes
reached a plateau or became non-monotonic (with two
amplitude peaks), those from the commencement of the
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further analysis. However, to check the advisability of
using only those amplitude/contrast values in the ﬁrst
portion of the plot, and excluding those amplitudes that
were part of a saturation response, the VEP threshold
from extrapolation of all points was also calculated.
2.8. Extrapolation from amplitudes derived from Fourier
power spectra
Fourier analysis of the VEPs recorded from group A
was also conducted. VEPs in response to each chromatic
contrast stimulus level were assessed as two separate
VEPs each averaged from 40 to 50 sweeps, and also as
the mean of these two (the average of 80–100 sweeps).
Power spectrum analysis is widely used to identify the
frequency and amplitudes of both steady-state responses
and transient responses. In the latter case, it is common
to ﬁrst multiply the time series data by an exponential
time decay function. The purpose of this is to better rea-
lise the periodicity of the input signal (whereby the
amplitude at the start and end of the signal are both
then close to zero) (Harvey & Cerna, 1993; Wickramar-
achi, 2003). The exponential window function also pre-
serves the important components of the response
(Harvey & Cerna, 1993; Wickramarachi, 2003).
In our analysis of the VEP data, we employed expo-
nential window functions with diﬀerent time constants s
(the time for the exponential function to decay to one
half of its initial value). Results are shown using three
time constants, s = 512 (ms), 256 (ms), 128 (ms). Three
windows were used so that any eﬀects of the time win-
dow itself on the power spectrum could be detected.
The impact of the exponential windows should only af-
fect the frequency of the extraneous peaks and should
not aﬀect the peak frequencies that are related to the
components of interest in the VEP. We surmised that
peaks that are present at approximately the same fre-
quency in all three windowed data power spectra, within
the resolution constraints of the discrete Fourier trans-
form analysis (±1 Hz), are related to the transient
VEP rather than due to the window function or to other
sources of extraneous noise. The highest and the second-
and third-highest peaks that were consistently present in
the three windowed power spectra were extracted and
examined for correlation with chromatic contrast level.
The data was then examined for consistency across
VEPs in terms of repeatable peak frequency. On exam-
ination, the third highest peak was not consistently pres-
ent across subjects or chromatic contrast level so it is
unlikely that the response at this frequency is related
to the contrast level so only the ﬁrst two highest peaks
were analysed further. The highest peak occurred at
the same frequency almost 100% of the time and the sec-
ond highest peak 72% of the time. This will be discussed
more fully later (see Section 4 ).An amplitude measure was therefore obtained from
(1) the power spectra from each of the three windows
individually, (2) the sum of the highest peaks from the
power spectra from the three windows, (3) the sum of
the second-highest peaks from the power spectra of
the three windows and (4) the sum of the highest and
second-highest peaks from the power spectra from the
three sets of windowed data. In total, VEP amplitude
was calculated in this part of our analysis in 27 diﬀerent
ways (see Table 2).
The VEP amplitudes derived as described above were
then plotted against linear chromatic contrast level fol-
lowed by logarithmic extrapolation to zero amplitude
to determine chromatic contrast threshold (equivalent
to the extrapolation of data as used for our analysis of
peak-to-peak measurements). VEP threshold estimation
was considered successful if the correlation of the ampli-
tudes was signiﬁcant (p < 0.05 and RP 0.6). If these
two conditions were not satisﬁed, then VEP threshold
estimation by this technique was regarded to have failed
for that subject. When no VEP threshold estimate was
possible, within-subject comparisons between psycho-
physical and VEP threshold were not attempted.
Extrapolation was carried out two ways: (1) using the
amplitudes at all the chromatic contrast levels and (2)
using ‘‘select points’’ i.e. excluding those amplitudes that
were part of a saturation response (indicated by a pla-
teau or a second peak). As mentioned earlier, this was
done to check the advisability of excluding the plateau,
or second peak, and to check whether this biases the
VEP threshold towards or away from psychophysical
threshold. VEP thresholds were also estimated from
the average of several measures (Table 2). These aver-
aged VEP thresholds were then compared with the
respective psychophysical thresholds using the paired
t-test. The eﬀect of window exponential decay time
on VEP threshold was examined using a one-way
ANOVA.
2.9. VEP repeatability analysis
For group B, psychophysical threshold was assessed
ﬁrst (using the same method as described for group A
above except for the orientation of the stimuli), followed
by VEP recording, and both were conducted on the
same day. VEP threshold was deﬁned as the lowest con-
trast at which an identiﬁable VEP (a waveform repro-
ducible on successive averaged runs) was present.
Instead of McCulloch and Skarfs (1991) criteria of com-
ponent latencies occurring within an absolute value of
20 ms of each other, a criterion of occurrence within
10% of the longer latency was applied, because latency
was expected to vary with contrast. In addition, the
polarity of the VEP needed to be N–P, in line with
known adult morphology norms (Crognale et al.,
1998; Murray et al., 1987; Porciatti & Sartucci, 1999;
Table 2
Table of comparisons (paired t-test and correlations) between VEP and psychophysical methods of determining chromatic contrast threshold
Method VEP threshold
mean (SD)
Psychophysical
threshold mean (SD)
Mean
diﬀerence
t df p R (p)
Extrapolation from Fourier-derived amplitudes (average of 50)
Max Power Window 1 2.6 (3.02) 3.8 (1.12) 1.21 1.00 6 0.35 0.07 (0.89)
Max Power Window 2 3.5 (2.82) 3.8 (1.12) 0.24 0.21 6 0.84 0.15 (0.75)
Max Power Window 3 3.8 (2.84) 3.8 (1.12) 0.06 0.05 6 0.96 0.61 (0.90)
Max Power Window 1, selected points 4.4 (1.67) 4.0 (1.30) 0.31 0.22 2 0.85 0.37 (0.76)
Max Power Window 2, selected points 4.6 (1.45) 4.0 (1.30) 0.58 0.44 2 0.71 0.39 (0.74)
Max Power Window 3, selected points 5.0 (1.21) 4.0 (1.30) 0.96 0.78 2 0.52 0.44 (0.71)
Second Power Window 1 3.1 (2.31) 3.5 (1.00) 0.39 0.50 6 0.64 0.58 (0.23)
Second Power Window 2 2.6 (1.77) 3.5 (1.00) 0.92 1.47 6 0.20 0.50 (0.31)
Second Power Window 3 3.0 (1.97) 3.5 (1.00) 0.57 0.80 6 0.46 0.48 (0.33)
Second Power Window 1, selected points 4.7 (0.25) 2.4 (0.45) 2.32 16.58 1 0.04 1.00 (<0.0001)
Second Power Window 2, selected points 4.7 (0.39) 2.4 (0.45) 2.35 52.33 1 0.01 1.00 (<0.0001)
Second Power Window 3, selected points 4.4 (0.31) 2.4 (0.45) 2.10 21.00 1 0.03 1.00 (<0.0001)
Total maximum power (Sum from 3 windows) 3.8 (3.08) 3.8 (1.12) 0.05 0.047 6 0.96 0.18 (0.70)
Total second power (Sum from 3 windows) 2.4 (1.93) 3.8 (1.12) 1.36 1.68 6 0.14 0.08 (0.86)
Total Power (max + second) 3.7 (3.16) 3.8 (1.12) 0.60 0.05 6 0.96 0.22 (0.64)
Total Max Power, selected points 4.8 (1.60) 4.0 (1.30) 0.79 0.53 2 0.65 0.60 (0.59)
Total second Power, selected points 4.7 (0.31) 2.4 (0.45) 2.31 23.10 2 0.03 1.00 (<0.0001)
Total Power (max + second), select points 2.8 (2.36) 3.3 (1.70) 0.50 0.33 2 0.77 0.22 (0.86)
Mean of all point estimates 3.2 (0.55) 3.7 (0.15) 0.50 0.53 8 0.02 0.36 (0.34)
Mean of selected points estimates 4.5 (0.64) 3.2 (0.80) 1.20 3.66 8 0.006 0.02 (0.96)
Extrapolation from Fourier-derived amplitudes (average of 100)
Max Power Window 1 3.4 (2.96) 3.8 (1.12) 0.34 0.32 6 0.76 0.32 (0.48)
Max Power Window 2 3.9 (2.45) 3.8 (1.12) 0.14 0.14 6 0.89 0.15 (0.75)
Max Power Window 3 4.5 (2.19) 3.8 (1.12) 0.74 0.81 6 0.45 0.03 (0.94)
Second Power Window 1 2.6 (2.07) 3.8 (1.12) 1.20 1.56 6 0.17 0.30 (0.51)
Second Power Window 2 2.6 (2.09) 3.8 (1.12) 1.19 1.45 6 0.20 0.20 (0.68)
Second Power Window 3 2.8 (2.05) 3.8 (1.12) 0.96 1.19 6 0.28 0.21 (0.66)
Total Max Power (sum from 3 windows) 3.7 (2.48) 3.8 (1.12) 0.24 0.28 6 0.79 0.30 (0.47)
Total second Power (sum from 3 windows) 2.4 (2.00) 3.4 (1.43) 1.03 1.47 6 0.19 0.37 (0.37)
Total Power (max + second) 3.2 (2.19) 3.4 (1.43) 0.25 0.27 6 0.79 0.19 (0.69)
Mean of the 9 estimates (all points) above 3.7 (2.59) 3.4 (1.43) 0.23 0.29 6 0.78 0.29 (0.20)
Extrapolation from manually measured peak-to-peak amplitudes
All points 3.4 (2.20) 4.0 (1.23) 0.66 0.80 4 0.47 0.54 (0.34)
Selected points 4.1 (1.57) 3.5 (1.11) 0.58 0.98 4 0.38 0.56 (0.33)
VEP repeatability
3.8 (1.37) 4.6 (1.61) 0.86 1.75 9 0.11 0.47 (0.17)
The ﬁrst column indicates the VEP method used. The methods were (1) extrapolation from Fourier-derived amplitudes from transient VEPs formed
from the average of 50 and 100 sweeps; (2) extrapolation from manually measured peak-to-peak amplitudes; and (3) VEP repeatability. For the
method of extrapolation from Fourier-derived amplitudes, Max Power indicates extrapolation from the highest peak of the power spectrum and
second power indicates extrapolation from the second-highest peak of the power spectrum. Windows 1, 2 and 3 indicate that a window was applied
to the time series data. The windows are shown in Fig. 7(e). Where selected points is indicated, only points prior to VEP amplitude saturation were
used in the extrapolation. Where selected points is not indicated, all points from all contrast levels were used in the extrapolation.
2 In a one second sweep duration, two VEP responses are expected
from a 2 Hz stimulus.
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technique, VEP analysis was performed on-line. As
there is inter-individual variation in VEP morphology,
transient chromatic VEPs in response to high (42%)
chromatic contrast stimuli were recorded ﬁrst to provide
an indication of the expected VEP morphology for that
individual. For similar reasons, the response to 0% con-
trast was recorded next. Transient VEPs were then re-
corded at the subjects psychophysical contrast
threshold level. In an eﬀort to rapidly approach VEP
threshold, an adaptive online staircase method was used
to choose successive stimulus recording levels. The de-
tails are described here in a ﬂow chart (Fig. 1). In allinstances, only the ﬁrst set of components within the
sweep duration was used to assess repeatability.23. Results
3.1. VEPs
The group-averaged transient VEPs recorded from
group A (n = 9) and group B (n = 10), in response to a
Fig. 1. Flowchart of VEP adaptive staircase method of VEP threshold
assessment for group B. Key: CC = chromatic contrast level of the
stimulus, T = psychophysical threshold level of the stimulus, A = the
lowest stimulus level (not including 0% CC) for which there was no
reproducible VEP present, B = the lowest stimulus level (not including
0% CC) for which there was a reproducible VEP present.
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ing of 42% chromatic contrast, are presented in Fig. 2.
Where no discernible VEP was present (subjects 11
and 22), or there were possible external contaminating
factors, such as intermittent diplopia (subject 10), the
VEPs from those subjects were excluded (Table 1).Fig. 2. Group-averaged transient VEPs in response to a 42% magenta–
cyan grating stimulus subtending an angle of (a) 14, group A (n = 9)
and (b) 5, group B (n = 10). Note the negative–positive complex of the
transient chromatic VEP that is complicated by an additional positive
peak component that forms a shoulder in both (a) and (b). Note that in
each plot, the lower arrow indicates the N-peak, the upper arrow
indicates the P-peak and the sloping arrow indicates the shoulder.The morphology of the group-averaged transient VEPs
(Fig. 2) consisted of a negative–positive complex, which
agrees with past ﬁndings (Crognale, 2002; Murray et al.,
1987; Porciatti & Sartucci, 1999; Rabin et al., 1994; Sut-
tle & Harding, 1999). There was also an additional po-
sitive component that created a ‘‘shoulder’’ in the
waveform for most subjects.
The mean N-peak latencies for groups A and B were
123 ms (SD 18.7 ms) and 143 ms (SD 31.8 ms) respec-
tively and the diﬀerence between these means was signif-
icant (p = 0.03, unpaired t-test). Although the stimuli
used in this study are not identical to those used in pre-
vious studies, these latencies are consistent with those re-
ported previously (Porciatti & Sartucci, 1999; Rabin
et al., 1994; Suttle & Harding, 1999).
The mean of the peak-to-peak amplitudes was
12.6 lV (SD 5.9) for group A and 8.5 lV (SD 6.4) for
group B, statistically signiﬁcantly larger for group A
than B (mean diﬀerence = 4.05, p = 0.05, unpaired t-
test). These ﬁndings are consistent with past ﬁndings
indicating that larger grating ﬁeld size is associated with
larger amplitudes (e.g., Rabin et al., 1994). Reported
chromatic transient VEP amplitude ranges from 8 to
22 lV for ﬁeld diameters of approximately 14–18 (Por-
ciatti & Sartucci, 1999; Rabin et al., 1994; Suttle & Har-
ding, 1999) and is approximately 3 lV for a ﬁeld
diameter of 5 (Rabin et al., 1994). In addition, orienta-
tion diﬀerences in the stimuli of group A and group B
are likely to have contributed to the diﬀerences in la-
tency (Rabin et al., 1994) and amplitude, although to
a lesser extent. Fig. 3 illustrates group-averaged VEPs
(n = 3 subjects) in response to stimuli of 42% chromatic
contrast at a spatial frequency of 2 cpd at the four diﬀer-
ent orientations of 90, 180, 45 and 135. The oblique
eﬀect for the VEP parameters of amplitude and latency
was assessed for this subgroup of subjects (n = 3) where
viewing distance was ﬁxed at 1 m, and ﬁeld size was
identical at 5. All stimulus characteristics were identical
except for the orientation of the grating, which was at
each of 45, 135, 90 and 180. An oblique eﬀect was
found for latency of the N-peak component (p = 0.03,
Wilcoxon signed-ranks test) but not for amplitude
(p = 0.20, Wilcoxon signed-ranks test), in agreement
with Rabin et al. (1994). The mean VEP latency for
90 and 180 was 134.8 ms (SD 11.1 ms). For 45 and
135, the mean VEP latency was 145.3 ms (SD
11.5 ms). However, as VEP repeatability was not com-
pared across orientations in the main study, the presence
of a latency oblique eﬀect is not expected to be a source
of error in this study.
Examination of typical individual VEP data from
subject 2 (Fig. 4(a)), group A, and subject 17 (Fig.
4(b)), group B, shows that for VEPs in response to
42% chromatic contrast stimuli, a contrast level that is
well above both VEP and psychophysical chromatic
contrast threshold for most subjects and for which
Fig. 3. Group-averaged transient VEPs in response to 42% magenta–cyan, spatial frequency 2.0 cpd, stimuli at diﬀerent orientations for a subset of
subjects (n = 3). The number in the top right-hand corner of each plot is the orientation of the grating stimulus presented. Note that the lower arrow
indicates the N-peak and the upper arrow indicates the P-peak.
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criteria of characteristic morphology (N–P complex)
and repeatable latencies as indicators of the presence
of a transient VEP could be successfully applied. Fig.
4(b), however, also illustrates the diﬃculty of ﬁnding
the N-peak. The placement of the upper and lower ar-
rows was facilitated by the use of a longer sweep dura-
tion (Fig. 4(c)). Without the second chromatic onset
response within the sweep as an aid to the overall mor-
phology of the components of interest, the VEPs in Fig.
4(b) could conceivably have two valid N-peaks and two
valid P-peaks. If only the 500 ms sweep duration were
available for analysis, there would appear to be a P–
N–P–N–P–N complex, making the choice of the compo-
nent-of-interest ambiguous and therefore the estimation
of a single value for peak-to-peak amplitude is also
ambiguous. Therefore, although only the ﬁrst set of
components of interest from each sweep was examined
for repeatability, two consecutive transient responses
within a one-second sweep allowed the components of
interest to be chosen with greater conﬁdence. In this
way, VEPs with ambiguous morphologies at shorter
sweep durations may become less ambiguous when long-
er sweep durations are used. However, sorting out early
components from late and shoulders from the N–P com-
plex is a subjective process and is intrinsically more
ambiguous than the calculation of peak-to-peak ampli-
tudes from the steady-state VEP. The morphology of
each waveform conforms to the negative–positive com-
plex expected from adult transient chromatic VEPs with
ambiguities caused by shoulders in the response and the
presence of early and late components. However, as the
500 ms sweep duration was used for the calculation ofpeak-to-peak amplitudes, the complexity of the data,
as discussed above, was found to contribute to the exclu-
sion of data. Fig. 5(a) shows another example of ambi-
guity, this time from subject 8 (group A). It shows a few
possible N-peak locations. For contrasts above 10%,
this was a rare occurrence (1% of all VEPs in response
to stimuli >10% contrast). For contrasts below 10%, it
was often impossible to locate the component(s) of
interest with conﬁdence. As a further example, Fig.
5(b) shows the VEP in response to 42% chromatic con-
trast for subject 10, who reported after VEP recording
that intermittent diplopia was experienced during
recording. It shows several possible N-peak, P-peak
and shoulder locations and does not have a clearly de-
ﬁned N–P complex. Data from this subject were ex-
cluded from analysis.
Fig. 6(a) shows a series of VEPs recorded from sub-
ject 8 of group A. The lower and upper arrows of each
trace indicate the N- and P-peaks respectively. Fig.
6(b) shows peak-to-peak amplitudes of the same VEPs
measured manually. Fig. 6(c) shows the latencies of
the N-peaks. As with previous reports, peak-to-peak
amplitude of the VEP was initially positively correlated
with contrast level and latency was initially negatively
correlated with contrast level, then both parameters
plateaued (e.g. Allen et al., 1986; Campbell & Maﬀei,
1970; Rabin et al., 1994). The mean Pearsons correla-
tion, for nine subjects, between peak-to-peak amplitude
and chromatic contrast was 0.89 (SD 0.06). The tran-
sient VEPs we recorded also agree with observations
that morphology can vary across stimulus level (Kuli-
kowski, 1977) and can confound the successful estima-
tion of VEP amplitude. VEPs from subject 8 (Fig.
Fig. 4. Finding the chromatic contrast component by repeatability in a
transient VEP in response to 42% chromatic contrast for (a) subject 8
(group A), 500 ms sweep, (b) subject 12 (group B), 500 ms sweep and
(c) subject 12 (group B), 1000 ms sweep. Note that the lower arrow
indicates the N-peak and the upper arrow indicates the P-peak. The N-
peaks from successive runs in (a) demonstrated latency within the
range of 100–250 ms, thereby satisfying criterion set for group A
transient VEP data. The N- and P-peaks from successive runs in (b)
have latencies that are within 10% of the longest latency of each,
satisfying the criterion for group B; (b, c), together, show that the use
of a longer sweep duration (1000 ms) enhances legibility of the N- and
P-peaks. The sloping arrows in (b) indicate possible confounding
peaks.
Fig. 5. (a) VEP in response to 18% chromatic contrast stimuli
recorded from subject 8 (group A). (b) VEP in response to 42%
chromatic contrast recorded from subject 10 (who reported occasional
diplopia). The lower arrows indicate possible N-peaks. The upper
arrows indicate possible P-peaks. The sloping arrows indicate possible
shoulders.
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chromatic contrast levels and only a single N–P complex
at the lower chromatic contrast levels (the sloping arrow
indicates a possible second complex). Alternatively, the
morphology could also be interpreted as a longer P-peak
latency for the higher contrasts with an additional neg-
ative ‘‘shoulder’’ component, with the sloping arrow
indicating the P-peak.
The repeatability criterion was applied to VEPs in re-
sponse to 0% contrast in a group of six subjects in whom
this response had been repeated, to estimate the rate offalse positives. None of the VEPs were found to be
repeatable according to our criteria, indicating a 0%
false positive rate.
3.2. Correlation of amplitudes derived by Fourier analysis
with chromatic contrast level
The amplitudes derived by Fourier analysis from the
two highest peaks in the Fourier spectrum were signiﬁ-
cantly and positively correlated with chromatic contrast
level in 87% of cases (Table 2). Fig. 7(a) and (b) shows
the time series data of the VEPs of subject 1 after the
application of the three window functions for VEPs in
response to stimuli of chromatic contrast 42% and
10% respectively. Fig. 7(c) and (d) shows the power
spectra of the VEPs shown in Fig. 7(a) and (b). This ﬁg-
ure indicates (1) consistent occurrence of the two highest
peaks across windows and stimulus levels, and (2)
increasing power with increasing contrast. The two
highest peaks were found to occur at frequencies rang-
ing from 2.0 Hz to 11.7 Hz (Fig. 8).
3.3. Performance of window functions
The window functions are shown in Fig. 7(e). On
multiplication with the window functions, the later parts
of the VEP recording are reduced in amplitude relative
Fig. 6. The chromatic contrast component can be identiﬁed by examining the VEP morphology for a peak-to-peak complex whose amplitude is
correlated with chromatic contrast level: (a) shows data from subject 8 (group A) in response to chromatic stimuli with chromatic contrast ranging
from 4.2% to 100%. Lower arrow indicates the N-peak, upper arrow indicates P-peak. The sloping arrows indicate confounding peaks. (b, c) Plot of
peak-to-peak VEP amplitude and latency respectively (both derived from (a)), as a function of chromatic contrast level.
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ANOVA was performed on the thresholds estimated
from the three window functions. There was no signiﬁ-
cant diﬀerence (p = 0.46–0.94) between the thresholds
determined following windowing by each of the three
functions (Table 3).
3.4. VEP vs. psychophysical estimates of chromatic
contrast threshold
Paired t-tests showed very few signiﬁcant diﬀerences
(p < 0.05) between psychophysical thresholds and VEP
thresholds, as shown in Table 2. Statistically signiﬁcant
diﬀerences were found for two of the methods only,
when VEP thresholds were estimated by (1) extrapola-
tion of peak-to-peak amplitudes from all chromatic con-
trast threshold levels, not excluding those beyond
saturation, and (2) extrapolation of amplitudes deter-
mined from the Fourier power spectra of VEPs, using
selected points, averaged from 50 sweeps.
In the latter case, the mean diﬀerence was very small
(0.50%) and therefore unlikely to be clinically signiﬁ-
cant. In the former case, the mean threshold VEPs were1.5% lower than the mean psychophysical thresholds
(p = 0.01), thereby supporting previous ﬁndings suggest-
ing that extrapolation should only be applied to points
below the saturation level of the system (Campbell &
Maﬀei, 1970). The contrasting ﬁnding that, for Fou-
rier-derived amplitudes, the use of all available points
did not result in a statistically signiﬁcant diﬀerence be-
tween psychophysical thresholds and VEP thresholds,
suggests that there is little or no advantage in discount-
ing Fourier-derived amplitudes beyond a saturation le-
vel. In fact, the use of selected points often resulted in
poor correlations between chromatic contrast and
amplitude (R < 0.6), thereby failing our criteria for the
successful estimation of VEP threshold from that data.
It can be seen from Table 2, that VEP threshold based
on amplitudes determined by Fourier analysis from se-
lect points could only be estimated from two to three
out of seven subjects: in other words, the success rate
was poorer when selected points, rather than all points,
were used for this type of VEP threshold estimation.
In addition, the mean diﬀerence between the VEP
thresholds and psychophysical threshold was smaller
for estimation from all the available points (mean
Fig. 7. Windowed time series data from subject 1 in response to (a) 42% and (b) 10% chromatic contrast. (c, d) Normalised Fourier power spectra for
(a) and (b), respectively and (e) illustrates the window functions. Note the diﬀerent scales for amplitude in (a), (b) and (e). Window 1 (darkest gray
line) resulted in the highest amplitudes and the slowest decay constant, window 2 (medium gray line) resulted in mid-level amplitudes and decay
constant and window 3 (lightest gray line) resulted in the lowest amplitudes and the fastest decay constant.
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ference = 1.30%). Subsequent analysis was therefore
performed on VEPs formed from the average of 100
sweeps and all points were used in the analysis.
3.5. Success rate
An estimate of VEP threshold using the method of
extrapolation was successful in 71% of cases when
peak-to-peak amplitude was used. When the diﬀerent
methods of calculating amplitude by Fourier analysis
were applied, extrapolation from these diﬀerent ampli-
tude measures resulted in an estimate of VEP threshold87% of the time. However, an estimate of VEP threshold
was obtained successfully using the method of repeat-
ability in 100% of cases.
The mean of VEP thresholds by extrapolation from
our peak-to-peak (group A) VEP amplitude data was
3.4% (SD 2.20) when all data points were included and
4.1% (SD 1.57) when only selected (excluding points
on a plateau, for example) data points were included
(n = 5). Both of these VEP threshold measures com-
pared well with the related psychophysical thresholds
for group A (Table 2). VEP thresholds using selected
data points were not statistically signiﬁcantly diﬀerent
from psychophysical threshold (p = 0.38–0.47) (Table 2)
Fig. 8. Frequency of occurrence of the maximum peak in the power
spectra at 2, 4, 6, 8, 10 and 12 Hz for VEPs in response to chromatic
contrast stimuli. The maximum spectral peak is shown to occur at
frequencies higher than the fundamental (2 Hz) and ﬁrst harmonic
(4 Hz) of the stimulus temporal frequency. The darker and lighter
areas of each column indicate data from VEP in response to chromatic
contrasts less than or equal to 42% and above 42% respectively.
Table 3
This table shows the performance of the three windows by comparing
the thresholds derived from extrapolation from amplitudes derived
from the three window functions using one-way ANOVA (between
groups analysis)
Threshold assessment method F p
Max Power (average of 50) 0.819 0.456
Second Power (average of 50) 0.105 0.901
Max Power (average of 100) 0.321 0.730
Second Power (average of 100) 0.026 0.974
Comparisons were made between the thresholds determined from
extrapolation from the highest and second-highest spectral peaks and
from VEPs averaged from 50 and 100 sweeps. No signiﬁcant diﬀer-
ences were found between the thresholds obtained using the three
windows.
Fig. 9. Psychophysical vs. VEP estimates of chromatic contrast
threshold. The correlations between VEP threshold estimated by
Fourier analysis and psychophysical threshold are low (R = 0.19–0.22),
and not statistically signiﬁcant (p = 0.64–0.69). VEP threshold esti-
mated from extrapolation of peak-to-peak amplitudes is moderately
correlated with psychophysical contrast (R = 0.54–0.56) and VEP
threshold estimated from repeatability of the VEP has a moderate
correlation (R = 0.47) with psychophysical threshold although none of
these are statistically signiﬁcant correlations (p = 0.33–0.49). VEP
thresholds estimated by extrapolation from the sum of the two highest
amplitudes derived by Fourier analysis from 50 sweep-averaged VEPs
are indicated by the unﬁlled circles, and from 100 sweep-averaged
VEPs by the unﬁlled squares. VEP thresholds estimated by extrapo-
lation from all and selected peak-to-peak VEP amplitude are indicated
by the ﬁlled circles and squares respectively. VEP thresholds estimated
by VEP repeatability are indicated by the ﬁlled diamonds.
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and Sartucci (3%, 1999) and Rabin et al. (6.2%, 1994),
who also used the method of extrapolation from peak-
to-peak VEP amplitudes to ﬁnd chromatic VEP
threshold.
When VEP threshold was estimated by extrapolation
from Fourier-derived amplitudes for seven subjects,
using the mean of 50 or 100 VEP sweeps, the mean of
the various ‘‘all points’’ methods of VEP threshold esti-
mation was 3.2% (SD 0.55) and 3.7% (SD 2.59) respec-
tively. The mean of the psychophysical chromatic
contrast thresholds for the same subjects was 3.7%
(SD 0.15) and 3.4% (1.43) respectively. The mean diﬀer-
ences between VEP and psychophysical thresholds were
0.50% (p = 0.02) and 0.23% (p = 0.78) respectively. Pear-
sons correlation was not statistically signiﬁcant
(p = 0.34 and 0.48 respectively).
The mean of the VEP thresholds estimated by repeat-
ability was 4.6% (SD 1.6) and the corresponding mean
psychophysical threshold was 3.8% (SD 1.4). Paired t-test
indicated no statistically signiﬁcant diﬀerence (p = 0.11).Pearsons correlation was not statistically signiﬁcant
(R = 0.47, p = 0.17) (Fig. 9).
3.6. Oblique eﬀect
The psychophysical thresholds obtained from the use
of 90 and 180 gratings in group A (mean 4.0%) were
not signiﬁcantly diﬀerent (p = 0.8 by independent t-test)
from those obtained using 135 and 45 gratings in
group B (mean 4.2%). These psychophysical thresholds
are in agreement with previous reports (Porciatti & Sar-
tucci, 1999; Rabin et al., 1994). The lack of signiﬁcant
diﬀerences between the group A and group B thresholds
suggest that there was no signiﬁcant oblique eﬀect, at
least psychophysically, for our stimuli at a spatial fre-
quency of 1 cpd. The angle subtended by the grating
stimulus for psychophysical analysis was equal for the
two groups. As discussed earlier, VEPs did demonstrate
an oblique eﬀect in terms of latency, but not amplitude.4. Discussion
4.1. Success rate
Our results indicate that although all three VEP anal-
ysis methods are useful as methods of determining
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thresholds, VEP repeatability has the highest success
rate. A VEP threshold was obtainable in 100% of cases
for VEP by repeatability, 87% cases by extrapolation
from Fourier-derived amplitudes and 71% of cases by
extrapolation from manual peak-to-peak amplitudes.
It should be noted, though, that in the second case the
success rate could be improved retrospectively to 100%
by deﬁning VEP amplitude to be the sum of the two
highest peaks for all three windowed data.
The success rate for the method of extrapolation
from peak-to-peak VEP amplitude data was likely to
be aﬀected by the complex morphology of the transient
chromatic VEP. As discussed earlier, the steady-state
VEP consists of consecutive peaks and troughs sinusoi-
dal in morphology so there is no need to choose a com-
ponent for the peak-to-peak measurement. However,
the transient chromatic VEP may contain several N–P
peaks, some of which may represent early or late com-
ponents or shoulders formed. Ambiguities in the choice
of peak-to-peak component result in exclusion of data
(in our case at most of the supra-threshold contrast
levels below 10%). It is also possible that even if an
unambiguous N–P-complex can be identiﬁed, the
peak-to-peak amplitude of the VEP may be adversely
aﬀected by the summation of the responses from the
chromatic visual system with the background EEG.
Summation of this kind may result in transient VEPs
in which the N- or P-peak, or both, are lowered or raised
excessively, resulting in a misleadingly low or high
amplitude. The shifting of peak-to-peak amplitude in
this way may not be suﬃcient to aﬀect VEP latency,
thereby satisfying the criteria for inclusion in this meth-
odology, but may be suﬃcient to skew the process of
extrapolation. Any shift in peak-to-peak amplitude
may also cause increased scatter of the data and result
in poor correlation (R < 0.6) between VEP amplitude
and chromatic contrast such that the method fails.
The success rate for VEP threshold estimation using
the method of extrapolation from Fourier-derived
amplitudes was 87%, although this could be raised retro-
spectively by greater selectivity of the parameters (win-
dow functions and spectral peaks) used to determine
VEP amplitude. The success rate was lower for extrapo-
lation of Fourier-derived amplitudes based on low to
moderate chromatic contrasts (approximately below
42%), which occurred when selected points were used,
which is opposite to our ﬁnding for peak-to-peak ampli-
tudes. Thus, although saturation of amplitude at higher
contrasts occurs for amplitudes derived from both Fou-
rier analysis and peak-to-peak analysis, the high ampli-
tude data should be excluded from determination of
threshold by extrapolation only for peak-to-peak
analysis.
The success rate for the method of VEP threshold
estimation by repeatability was 100%. This was likelyto be due to the fact that VEP latency is less variable
than VEP amplitude (e.g. Rabin et al., 1994) and, as dis-
cussed earlier, even if the background EEG causes
shoulders or additional components, these are likely to
obscure, rather than negate the N–P complex in its
entirety.
4.2. Fourier analysis
Fourier analysis has been used in the past to reduce
the subjectivity of determining VEP amplitude and this
analysis method was used with success in the present
study. We found that the highest peaks of the power
spectra were located at the same frequency across the
three windows for almost all transient VEPs and there-
fore could be used as an estimate of VEP amplitude
for most subjects. The single exception was subject 10,
whose data was not included in the main analysis due
to her post-testing comment of intermittent diplopia
during VEP-recording. Similarly, there was a consistent
second-highest peak at the same frequency across win-
dows for 72% of the transient VEPs averaged from both
50 and 100 sweeps indicating that this amplitude should
also be included as an indication of the VEP amplitude
in the majority of cases.
The two smallest mean diﬀerences between psycho-
physical and VEP threshold estimates were 0.05% and
0.24% and these were derived from the total maximum
power (sum of the maximum peak amplitudes from
the three windowed sets of data). However, the correla-
tion between VEP and psychophysical threshold is poor
and not statistically signiﬁcant (Table 2). This may be
because the normal adult range of colour chromatic
contrast threshold is quite low and our subject group
only included adults with normal colour vision. If we
had included subjects with much poorer psychophysical
chromatic contrast sensitivity, for example individuals
with congenital protanopia, it is possible that a higher
correlation between psychophysical and VEP chromatic
contrast thresholds would be found due to the increased
range of psychophysical thresholds measured. There-
fore, our results here suggest that VEP thresholds do
approximate psychophysical chromatic contrast thresh-
old on a group basis, but predictions made from individ-
ual VEP thresholds may not be as accurate. On an
individual basis, VEP threshold by extrapolation from
Fourier-derived amplitudes using the total maximum
power from the three windows ranged from 4.64% lower
than psychophysical threshold to 1.22% above it. High,
although not statistically signiﬁcant, correlations were
found for VEP thresholds estimated from extrapolation
of VEP amplitude, estimated in turn from the sum of the
highest and second-highest powers from the three win-
dows, as is evident in Fig. 9.
Our ﬁndings build on work by McKeefry et al.
(1996). We found, however, that the maximum peak of
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fundamental frequency, which in our study was 2 Hz
(Fig. 8). For each subject (individually), the maximum
peak was at 2 Hz in 25–75% of cases and at 4 Hz from
0% to 60% of cases. When all power spectra (as a group)
from supra-threshold stimuli are considered, the maxi-
mum peak was at 2 Hz in 45% of cases and at 4 Hz in
20% of cases. The frequency at which the maximum
peak occurred was related to the period of the compo-
nent(s) of interest in the VEP. This indicates that the fre-
quency of the response was not limited to the
fundamental and ﬁrst harmonic of the stimulus tempo-
ral frequency and could be present at much higher fre-
quencies, e.g. 11.7 Hz (Fig. 8).
4.3. Oblique eﬀect
As stated earlier, VEPs recorded in response to supra-
threshold stimulation with 42% chromatic contrast for
the subset of three subjects under equal testing condi-
tions demonstrated an oblique eﬀect for latency, but
not for amplitude, in agreement with previous ﬁndings
(Rabin et al., 1994). No oblique eﬀect was evident in
our psychophysical data. There was no statistically sig-
niﬁcant diﬀerence between the psychophysical or VEP
thresholds from group A and B. Our ﬁndings are in
broad agreement with Murasugi and Cavanagh (1988).
They found that a chromatic oblique eﬀect was present
in four subjects, however the eﬀect was not always pres-
ent across subjects for stimuli of low spatial frequency
(2 cpd and 4 cpd) but was always present at the rela-
tively high spatial frequency of 8 cpd. However, our psy-
chophysical ﬁndings contrast with two past
psychophysical studies that found chromatic oblique ef-
fects with grating stimuli presented at spatial frequencies
of 1–3 cpd (Krebs et al., 2000) and for moving chro-
matic grating stimuli at a spatial frequency of 0.5 cpd
(Bilodeau & Faubert, 1999). The lack of an oblique ef-
fect in our data may be due to the fact that we compared
thresholds across two diﬀerent groups of subjects whilst
Krebs et al. (2000) and Bilodeau and Faubert (1999) car-
ried out a within-subjects analysis. However, evidence
that this may not be the case comes from Murasugi
and Cavanaghs (1988) within-subjects analysis indicat-
ing that the presence of an oblique eﬀect is variable at
low spatial frequencies. Alternatively, the lack of an ob-
lique eﬀect for our 1 cpd stimuli may support Conways
(2001) ﬁndings that the majority of primate chromatic
cells are not orientation selective (Conway, 2001),
although the fact that we found a VEP latency eﬀect
does not support this. A lack of diﬀerence between psy-
chophysical thresholds between the two groups may
indicate that there is no oblique eﬀect at 1 cpd, or alter-
natively there may have been an oblique eﬀect that was
perhaps masked by diﬀerences in luminance presenta-
tion along the raster lines of the stimulus display unit.To overcome this, testing should be done under condi-
tions that equalise the confounding eﬀects of raster lines
on visibility along the horizontal meridian (Arakawa
et al., 2000). It is possible, therefore that the estimates
of group A thresholds are elevated due to a raster eﬀect
and group B thresholds are elevated due to an oblique
eﬀect and that a combination of the two eﬀects may re-
sult in approximately equal thresholds.
4.4. Robust nature of the transient VEP
Even though there was a change in viewing distance
and ﬁeld size, the VEP thresholds determined from
peak-to-peak amplitudes (group A) and by repeatability
(group B) were not statistically signiﬁcantly diﬀerent
from psychophysical threshold. This suggests that chro-
matic contrast threshold estimates from the transient
VEP using either method are suﬃciently robust to with-
stand variation in working distance, ﬁeld size and VEP
threshold estimation methodology. This agrees with past
ﬁndings that showed little change in VEP morphology
or peak latency with ﬁeld size or viewing distance (Mur-
ray et al., 1987; Porciatti & Sartucci, 1999). However, it
must be noted that only the red-green chromatic system
was examined in the present study so our ﬁndings may
not apply to tritan stimuli (Kulikowski et al., 1996).
4.5. Time eﬃciency
VEP threshold estimation using the adaptive staircase
procedure of the repeatability method was completed
more rapidly than using either of the other two VEP
threshold estimation techniques. When estimating
threshold based on VEP extrapolation from peak-to-
peak amplitude, responses to stimuli at 13 contrast levels
were recorded, and each was recorded twice (26 VEPs),
and each recording session took approximately 45 min
in total. The adaptive staircase used to estimate thresh-
olds based on repeatability took a maximum of 14 VEPs
in total to bracket in towards threshold from a starting
point of psychophysical threshold, taking approximately
20 min. If psychophysical threshold were unknown but a
repeatable VEP were elicited at 42% and none at 0%, psy-
chophysical threshold could be estimated based on
known age-normal data and the testing sequence would
continue as usual. A shorter recording period is likely
to result in greater attention and perhaps therefore more
accurate results. Moreover, the use of on-line analysis in-
stead of oﬀ-line analysis decreased the period of time re-
quired for calculation of the VEP threshold considerably.5. Conclusions
Our results suggest the following conclusions: (1) VEP
threshold estimation based on VEP repeatability has the
2382 M.Y. Boon et al. / Vision Research 45 (2005) 2367–2383greatest success and is most time-eﬃcient, although other
methods produce thresholds that correspond well with
psychophysical threshold. As suspected, the variability
in transient VEP morphology and variable correlation
of amplitude with stimulus level contributed to exclusion
of data in the techniques based on VEP amplitude mea-
sures, and therefore to a lower success rate for VEP
threshold by extrapolation than for repeatability.
Although the method of VEP threshold estimation using
repeatability had the highest success rate, its success, to
some extent, depends on the skill of the examiner in iden-
tifying the chromatic VEP N–P complex in the transient
VEP. Therefore, the methods of threshold estimation
from peak-to-peak VEP amplitude and VEP repeatabil-
ity methods could both be improved by increasing objec-
tivity. One method of increasing the objectivity of
repeatability judgements may be to use the Fourier spec-
tra as a means of assessing repeatability of the transient
VEP; (2) Oﬀ-line analysis of transient VEPs using Fourier
analysis to calculate VEP amplitudes is a viable alterna-
tive to manual peak-to-peak VEP amplitude estimation
and reduces uncertainty due to VEP morphology; (3)
When VEP threshold is estimated from manually mea-
sured peak-to-peak amplitudes, only points below the
saturation level of the visual system should be used for
extrapolation. When VEP threshold is estimated from
Fourier analysis, there is no advantage in excluding data
points in this way. Our ﬁnding indicates that the exclu-
sion of Fourier-derived amplitude data points may result
in poor VEP amplitude correlation with chromatic con-
trast level and a lower success rate; (4) When VEP thresh-
old is estimated from Fourier-derived amplitudes, the use
of more than one window decreases the likelihood of
inadvertent use of amplitudes from noise components
in the transient VEP; (5) There is no oblique eﬀect for
psychophysical chromatic contrast threshold or VEP
amplitude in response to the chromatic stimuli we used
but there is a VEP latency oblique eﬀect.
In summary, our results indicate that all three VEP
methods correspond well with psychophysical measures
and that some of the diﬃculties posed by complexity of
the morphology of the transient VEP can be overcome
with Fourier analysis.References
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